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Cdc48 is an ATPase, well established to be involved notUnited Kingdom
only in fusion of ER and Golgi membranes [1, 2], but2 Bioinformatics Group
also in spindle disassembly, DNA synthesis and repair,Memorec Stoffel GmbH
degradation of ubiquitinated proteins, and ubiquitin-Stoeckheimer Weg 1
dependent cleavage and activation of certain membraneD50829 Koeln
bound transcription factors and protein extraction fromGermany
the ER to the cytoplasm (reviewed in [3]). One manner3 Department for Protein Characterization
by which Cdc48 may mediate this multitude of differentNovo Nordisk
cellular effects is by associating with different regulatoryHagedornsvej 1
proteins [3].DK-2820 Gentofte
A yeast two-hybrid screen using Cdc48 from Schizo-Denmark
saccharomyces pombe as bait showed two interactors,4 Department of Clinical Biochemistry
ubx2 (SPAC2C4.15c) and ubx3 (SPAC343.09). TheRigshospitalet
ubx3 gene appears to be the fission yeast ortholog ofBlegdamsvej
budding yeast Shp1 (33% identity) and human p47 (28%DK-2200 Copenhagen N
identity) (Figure S2). The ubx2 gene is also conservedDenmark
to both budding yeast (YDR330W, 35% identity) and5 University of Copenhagen
humans (KIAA0794, 30% identity), but neither it nor itsAugust Krogh Institute
orthologs have been previously described (Figure S1).Universitetsparken 13
The domain organization between the proteins and theirDK-2100 Copenhagen O
homologs is also conserved, and the similarities appearDenmark
to be dispersed over the entire sequence.
Ubx2 and Ubx3/p47 each contain a ubiquitin regula-
tory X domain (UBX) [4, 5] and a ubiquitin-associated
Summary domain (UBA) [4, 5] (Figures 1A, 1B, S1, and S2). Addi-
tionally, Ubx2 contains a ubiquitin-interaction motif
Valosin-containing protein, VCP/p97 or Cdc48, is a (UIM) (Figure 1A) and a novel domain of unknown func-
eukaryotic ATPase involved in membrane fusion, pro- tion, which is found in several UBX-containing proteins,
tein transport, and protein degradation. We describe including the mammalian Fas-associated factor, FAF1
two proteins, Ubx2 and Ubx3, which interact with [6]. This domain is remotely similar to the thioredoxin
Cdc48 in fission yeast. Ubx3 is the ortholog of p47/ family and most likely assumes the thioredoxin fold,
Shp1, a previously described Cdc48 cofactor involved although the characteristic pair of redox-active cyste-
in membrane fusion, whereas Ubx2 is a novel protein. ines is not conserved. We refer to this sequence region
Cdc48 binds the UBX domains present in both Ubx2 as the thioredoxin-like (TRL) domain.
and Ubx3, indicating that this domain is a general In coprecipitation analyses, we found that GST-Ubx2
Cdc48-interacting module. Ubx2 and Ubx3 also inter- (Figure 1C, lane 1) and GST-Ubx3 (Figure 1D, lane 1)
act with ubiquitin chains. Disruption of the ubx3-gene bound Cdc48 from fission yeast extracts, substantiating
causes both temperature and canavanine sensitivity the interactions found by the yeast two-hybrid screen.
and stabilizes some ubiquitin-protein conjugates in- Use of truncated versions of the Ubx2 and Ubx3 GST-
cluding the CDK inhibitor Rum1, but not a model sub- fusion proteins revealed that their UBX domain is neces-
strate of the ER-degradation pathway. Moreover the sary and sufficient for interaction with Cdc48 (Figures
ubx3 null displays synthetic lethality with a pus1 null 1C and 1D).
mutant, a multiubiquitin binding subunit of the 26S In agreement with recent structural studies [7], this
proteasome. In contrast, the ubx2 null mutant did not indicates that the UBX domain may be a general Cdc48
display any obvious protein-degradation phenotype. interaction motif. In fission yeast there are at least five
In conclusion Ubx3/p47 is not, as previously thought, different UBX domain-containing proteins, and many
only important for membrane fusion; it’s also impor- more are present in higher eukaryotes. Most of these
tant for the specific degradation of a subset of cell proteins are uncharacterized. However, FAF1 is involved
proteins. Our genetic analyses revealed that Ubx3/p47 in apoptosis [8] and Socius in reorganization of the actin
functionally parallels a substrate receptor of the 26S cytoskeleton [9]. Hence, Cdc48 may also be connected
with these cellular processes.
UBA and UIM domains are involved in binding multi-*Correspondence: colin.gordon@hgu.mrc.ac.uk
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Figure 1. Ubx2 and Ubx3 Interact with Cdc48
and Ubiquitin Chains
The domain organization of the proteins (A)
Ubx2 and (B) Ubx3 and truncations thereof
is shown. By using GST-fusion proteins of
(C) Ubx2 and (D) Ubx3 coupled to Sepharose
beads, Cdc48 was precipitated from yeast
extracts as shown by Western blotting using
a polyclonal antibody to Cdc48. The same
(E) Ubx2 and (F) Ubx3 GST-fusion proteins
were also assayed for their ability to pre-
cipitate K48-linked tetraubiquitin chains. For
(C and E) Ubx2, the lanes contained 1, GST-
Ubx2, 2, GST-Ubx2N1; 3, GST-Ubx2N2; 4,
GST-Ubx2C1; 5, GST-Ubx2C2; 6, GST-
Ubx2NC1; and 7, GST. In (D) the lanes con-
tained 1, GST-Ubx3; 2, GST-Ubx3N1; 3,
GST-Ubx3C1; 4, GST-Ubx3C2; and 5,
GST. In (F) the lanes contained 1, GST-Ubx2;
2, GST-Ubx3; 3, GST-Ubx3N1; 4, GST-
Ubx3C1; 5, GST-Ubx3C2; and 6, GST. In
(G), shown are precipitations of purified
Cdc48 with GST-Ubx3N1 bound to glutathi-
one Sepharose beads in the presence of in-
creasing amounts of either monoubiquitin or
tetraubiquitin. The ubiquitin/UBX-domain (lanes
1–3) or tetraubiquitin/UBX-domain (lanes 4–6)
molar ratios were in either case 0:1 (lanes 1
and 4), 5:1 (lanes 2 and 5), or 50:1 (lanes 3
and 6). After incubation the beads were
washed and analyzed by Western blotting probing with an anti-Cdc48 antibody. (H) The staining intensities of the blot in Figure 1G were
determined by image analysis normalized to the controls and depicted graphically. Closed circles. ubiquitin; closed squares, tetraubiquitin.
ubiquitin chains [5, 10]. Interestingly, Ubx2 contains both Next we constructed null mutants of ubx2 and ubx3.
Both ubx2 and ubx3 mutants were viable at 25C.a UBA and a UIM domain, whereas Ubx3 contains only
a UBA domain. Accordingly, we found that GST-fusion The ubx2 mutant did not display any phenotype. How-
ever, the ubx3mutant was slow growing, highly floccu-proteins of Ubx2 and Ubx3 could precipitate a branched
lysine 48-linked tetraubiquitin chain via their UBA do- lent, sensitive to the arginine analog canavanine (Figure
S3), and retarded in growth at temperatures above 35Cmains (Figures 1E and 1F). Ubx2 also bound ubiquitin
chains via its UIM domain and appears to bind signifi- (Figure 2A).
Overexpression of ubx3 in the ubx3 cells rescuedcantly stronger than Ubx3 (Figure 1F, lanes 1 and 2).
Recently, Meyer et al. [11] also showed that mammalian their temperature sensitivity and required the presence
of the UBA and UBX domains (Figure 2A). However,Ubx3/p47 interacts directly with multiubiquitin. How-
ever, in contrast with this report, we were unable to ob- ubx2 overexpression did not have any beneficiary ef-
fects on the ubx3 null (not shown).serve interaction between either Ubx2 or Ubx3 and mono-
ubiquitin by coprecipitation with GST-fusion proteins. It is At the restrictive temperature the ubx3 cells dis-
played an elongated and/or swollen phenotype (Figurecurious that Ubx2 utilizes two different domains in bind-
ing to ubiquitin. This phenomenon is, however, not un- 2B). Flow cytometry of ubx3 cells cultured at the re-
strictive temperature confirmed that the cells becamecommon, and many ubiquitin binding proteins contain
two ubiquitin binding domains [10]. elongated and heterogeneous (not shown). However,
the cells did not appear to arrest at any specific pointPreviously, Cdc48 has been reported to interact di-
rectly with multiubiquitin chains but only weakly with during the cell cycle.
The sensitivity of the ubx3 cells to both canavaninemonoubiquitin [12], and since the structure of the UBX
domain resembles ubiquitin [13], we wished to assess and elevated temperatures suggests they have a defect
in protein degradation, a hypothesis which is in agree-whether there is a competition between UBX domains
and ubiquitin for Cdc48 interaction. However, as pre- ment with recent RNAi studies in Drosophila [14] and
overexpression studies in mammalian cells [15]. Mostdicted by structural studies [7], even a 50-fold molar
excess of monoubiquitin could not outcompete the in- heat-shock proteins function in protein folding or degra-
dation, and ubx3 has been found to be induced toteraction between purified Cdc48 and the UBX domain
of Ubx3/p47 (Figures 1G and 1H). In contrast, high con- about 400% after a short temperature shift from 30C–
39C [16].centrations of tetraubiquitin moderately reduced the in-
teraction between Cdc48 and the UBX domain (Figures Though Saccharomyces cerevisiae does not appear
to be temperature-sensitive when the ubx3 ortholog1G and 1H). Thus, only ubiquitin chains are able to com-
pete with the UBX domain for Cdc48 interaction, and SHP1 is disrupted, it does show a general slow growth
phenotype [17]. Shp1 was isolated as a suppressor ofCdc48 prefers to interact with UBX domains over ubiqui-
tin chains. protein phosphatase 1 overexpression [18], and the bio-
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Figure 3. Ubiquitin Conjugates and Rum1 Are Stabilized in the ubx3
Null Mutant
The wt (lanes 1 and 2), ubx2 (lanes 3 and 4), ubx3 (lanes 5 and
6), pus1 (lanes 7 and 8), and mts3-1 (lanes 9 and 10) strains were
grown at 25C (lanes 1, 3, 5, 7, and 9) or 36C (lanes 2, 4, 6, 8,
and 10) for 24 hr and analyzed for stabilization of (A) multiubiquitin
conjugates and (B) Rum1 by Western blotting by using antibodiesFigure 2. The ubx3 Null Mutant Is Temperature Sensitive
toward ubiquitin and Rum1, respectively.
(A) The ubx3 cells were transformed with pNMT1, pNMT1ubx3, or
(C) To ensure that approximately equal amounts of lysate were
pNMT1ubx3N1 and pNMT1ubx3C1, which, respectively, do not
loaded, the blots were also probed for the presence of Mts4/Rpn1,
encode the UBA and UBX domains. The cells were streaked to
a constitutive proteasome subunit.
single colonies on minimal media plates and grown at 25C or 36C.
(D) The degradation of Rum1 expressed from a regulated promoter
Only when full-length ubx3 is overexpressed can growth of ubx3
in wt (lanes 2–5), ubx3 (lanes 6–9), and mts3-1 (lanes 10–13) at
at the restrictive temperature be restored.
36C was followed by Western blotting of samples taken after times
(B) Nomarski optic micrographs of wt and ubx3 cells grown at
0, 15, 30, and 60 min after protein synthesis was inhibited by addition
either 25C or 36C as indicated.
of cycloheximide. As a control, cells transformed with empty vector
are shown (lane 1).
(E) Loading control, as in (C).
logical significance of this genetic interaction, though
important, is still uncertain. However, it is possible that
Shp1 somehow interferes with the turnover of the phos- observed no significant effects, indicating that Ubx3
phatase. only targets a subset of proteins for degradation.
Multiubiquitin conjugates appeared to accumulate in The Cdc48Ufd1/Npl4 complex binds ubiquitin [11] and is
ubx3 cells at the restrictive temperature, but not in involved in the ER-associated degradation (ERAD) path-
wild-type or ubx2 cells (Figure 3A). The ubiquitin-pro- way (reviewed in [20]), which is responsible for the
teasome system is therefore compromised in the ubx3 proteasome-mediated turnover of misfolded secretory
cells, though conjugate stabilization in the ubx3 null proteins. Degradation of a malfolded mutant form of
was somewhat less than for the proteasome mutations carboxypeptidase Y (CPY*), a model substrate of the
pus1 and mts3-1. Stimulation of protein degradation
is a novel function of Ubx3/p47 but fits with observations
linking Cdc48 to the degradation of cyclins [12], mis-
folded proteins [19, 20], and certain membrane bound
transcription factors [21].
Budding yeast Cdc48 is essential for cell-cycle pro-
gression through the degradation of the CDK inhibitor
Far1 [22]. Accordingly, the steady state levels of the
CDK inhibitor Rum1 were increased to a detectable level
Figure 4. The ERAD Pathway Is Not Compromised in the ubx3 Null
in the ubx3 strain (Figure 3B), an effect caused by a
(A) The degradation of the ERAD model substrate CPY* expressedslowed degradation of Rum1 in ubx3 cells (Figure 3D).
in the wt (lanes 2–5), mts8-1 (lanes 6–9), and ubx3 (lanes 10–13)
This observation connected to the viability of the ubx3 cells at 36C was followed by Western blotting of samples taken
null fits with Rum1 alone not being essential for cell- after times 0, 1, 2, and 4 hr after protein synthesis and CPY* tran-
scription was inhibited by addition of cycloheximide and thiamine.cycle progression in fission yeast [23]. However, in
As a control, cells transformed with empty vector are shown (lanebudding yeast, the degradation of Far1 cannot be de-
1). Within the ER, CPY* is glycosylated [26] and therefore appearspendant on Ubx3/Shp1 as the shp1 strain, unlike the
as a double band. Nonglycosylated CPY* (lower band) is also de-cdc48 mutant, does not show G1 arrest [18], a pheno-
graded.
type expected by the inability to degrade Far1. (B) To ensure that approximately equal amounts of extract were
We tested the ubx3 null for the degradation of another loaded, the Westerns were also probed for the presence of Mts4/
Rpn1, a constitutive proteasome subunit.proteasome substrate, Cut2. However, in this case we
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